I. INTRODUCTION
Porphyrins have attracted the attention of the scientific community for a very long time now. Initially, this interest originated from their biological significance and catalytic capabilities. Lately, 3d metal porphyrins have generated much interest due to their structural and magnetic properties. With technological advancement in various experimental techniques and theoretical codes, there is a substantial increase in the research efforts in this area. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] In addition, recent developments in the field of surface magnetism 12 and possible application of specific porphyrins in molecular spintronics as switchable magnetic molecules 13 have given a new dimension to the studies that investigate their electronic structure and magnetic properties.
In the recent past, porphyrins have been investigated with different techniques. [1] [2] [3] [4] [5] [6] Electronic structure calculations have also been performed for bulk samples and free molecules. [7] [8] [9] [10] [11] 14 However, if one wants to focus on the magnetic properties of porphyrins, a technique such as x-ray magnetic circular dichroism ͑XMCD͒ has unique advantages over other techniques because of its element specificity and monolayer sensitivity. Furthermore, the application of sum rules to the XMCD 15, 16 is nowadays widely used to determine the local orbital and spin angular moments.
The induced magnetic ordering in a molecular monolayer of Mn͑III͒-tetraphenylporphyrin-Cl on a thin Co film substrate was studied using XMCD. 6 In contrast to the Mn case, the application of sum rules for Fe is very reliable. 12, 17 Recently, we have investigated the structural and magnetic properties of Fe͑III͒-octaethylporphyrin͑OEP͒-Cl molecules prepared by sublimation on ferromagnetic substrates using x-ray-absorption ͑XAS͒ and XMCD measurements. 18 We observed that the Fe magnetic moment can be switched in plane or out of plane by a magnetization reversal of the substrate. Ab initio electronic structure calculations identified a 90°super exchange coupling of the Fe ion to the surface atoms through the N ligands.
In the present work, other aspects of the magnetic coupling of Fe-OEP molecules to Co and Ni ferromagnetic substrates have been tackled. We have carried out systematic XAS and XMCD investigations by preparing different coverages ͓submonolayer to 1.5 ML ͑monolayer͔͒ of these molecules on Co and Ni thin films. Single and double ferromagnetic layers in the range of a few atomic MLs were deposited on Cu͑100͒ to have the possibility of aligning the magnetization easy axis in plane and out of plane. We discuss the contribution of the different Fe 3d orbitals to the fine structures observed in the absorption and dichroic spectra. In addition, temperature-dependent measurements were performed in order to quantify the coupling strength between Fe-OEP molecules and both substrates. They were used to estimate the coupling energies for the Co and Ni substrates.
II. EXPERIMENT
The sample preparation was carried out in ultrahigh vacuum conditions ͑p = 2.0ϫ 10 −10 mbar͒. The ultrathin Co and Ni films were epitaxially grown by electron-beam evaporation on a Cu͑100͒ single crystal, which was cleaned by repeated Ar + sputtering and annealing cycles. The Co and Ni layer thicknesses were chosen to be 5 and 15 ML, respectively, in order to obtain in-plane and out-of-plane easy magnetization axes. A combined 5 ML Ni/5 ML Co bilayer was also prepared, displaying in-plane magnetization. In order to reduce the roughness of the Ni films, they were annealed to 420 K prior to the deposition of the molecules.
The porphyrin molecules ͓2,3,7,8,12,13,17,18-octaethylporphyrin-Fe͑III͒ chloride͔ were adsorbed on the ferromagnetic films at room temperature by sublimating Fe-OEP-Cl molecules at 485 K. The thicknesses of the porphyrin and ferromagnetic films were determined by a quartz microbalance and medium-energy-electron-diffraction intensity oscillations, respectively, and were cross-checked by the signal-to-background ratio ͑edge jump͒ at the respective x-ray-absorption edges.
X-ray-absorption spectroscopy in total electron yield experiments was performed at the beamline UE56-2/PGM2 at BESSY. We used this undulator beamline with a plane grating monochromator to produce circular polarized photons with an energy resolution of about 300 meV and a circular polarization degree of 80% at the energy ranges of the Fe-, Co-, and Ni-L 2,3 edges. The measurements were done under a constant magnetic field of 10 mT either in the substrate plane or perpendicular to it. The spectra were normalized to the incoming photon flux using the drain current from the last refocusing mirror upstream from the measuring chamber and the corresponding spectra measured at the clean substrate. Unless indicated in the text, the spectra were then scaled to zero in the pre-edge energy region.
In order to study separately the magnetization of both layers, grazing and normal incidence geometries were used for in-plane and out-of-plane magnetized substrates using left-and right-circularly polarized light with angles of = 70°and 0°between the wave vector k and the surface normal, respectively.
The orientation of the deposited molecules was determined by angular-dependent near-edge x-ray-absorption fine structure ͑NEXAFS͒ spectra at the N-and C-K edges for molecules on both ferromagnetic film substrates ͑Co, Ni͒. The NEXAFS spectra indicate that the deposited molecules are lying almost flat on the surface with the plane of the four N atoms aligned parallel to the substrates. 18 Apart from determining the orientation of the deposited molecules, the N-K edge is a sensitive indicator for perturbations of the molecule that might occur during the adsorption process or due to radiation damage. Our N-K edge spectra exhibit all fine structures that were observed and discussed for a similar molecule Zn-tetraphenylporphyrin, 5 implying that the coordination plane around the Fe atom stays intact during measurements. Similar spectra collected with ten times lower photon flux density exhibited the same features for all the absorption edges. From this, we conclude that radiationdamage effects are not important for the spectra shown here. An explanation could be that the ring of the porphyrin molecule, in proximity to the metallic substrate, strongly stabilizes the entire molecule, making it less sensitive to radiation damage. 19 However, we could not detect any edge jump in the energy range of the Cl-L 2,3 edges. Density functional theory ͑DFT͒ calculations 18 showed that the ferromagnetic coupling for the molecules to the substrate occurs only when the Cl atom is detached. This would imply a reduction of the Fe valence state. In order to clarify this, we carried out measurements on a bulk sample, prepared by stamping Fe͑III͒-OEP-Cl powder onto an indium foil. When comparing the Fe-L 2,3 x-ray-absorption ͑XA͒ spectra for a Fe-porphyrin submonolayer on Co/ Cu͑100͒ to the one of the bulk sample, shown in Fig. 1͑a͒ , an ϳ1.3 eV shift to lower energies is observed. This shift indicates a stronger screening of the initial and final states, concomitant with an increase of charge at the Fe atom, [20] [21] [22] leaving the Fe atoms in a predominantly divalent state. On the other hand, such a valence state can also be originated by Fe-ligand charge transfer back-bonding and back donation mechanisms, 9 possibly triggered by the underlying metallic surface.
III. RESULTS AND DISCUSSION
We have studied the differences in molecule-substrate interactions for different Fe-porphyrin coverages and substrates by means of XAS and XMCD. Figure 1 shows, from top to bottom, the Fe-L 2,3 helicity-averaged XAS and XMCD spectra taken for thicknesses t = 0.4, 0.6, 1.0, and 1.5 ML on Co ͓panels ͑a͒ and ͑b͔͒ and Ni ͓panels ͑c͒ and ͑d͔͒ magnetically saturated substrates, measured at room temperature from a series of consecutive deposition. In order to stress the thickness dependence of the white lines and the edge jumps, the shown XA spectra were only normalized to the pre-edge region. It should be noted that the same angular dependence of the N-K XAS signals was found for the four thicknesses, proving that the molecules are always lying flat on the substrate. In the case of the XMCD, the spectra were obtained as the difference of either the corresponding XAS signals for left-and right-circularly polarized light or the spectra obtained by inverting the direction of the external magnetic field. Due to the in-plane and out-of-plane magnetic easy axes for Co and Ni, the respective spectra were measured at grazing and normal incidences, respectively, as indicated by the insets in panels ͑a͒ and ͑c͒.
In the case of the Co substrate, the two Fe-L 2,3 white lines are relatively broad, resembling the analogous spectra for bulk metallic materials. For thicknesses t smaller or of the order of 1 ML, the intensity increases with t and no different line shapes are observed. On the contrary, the L 3 signal for t = 1.5 ML displays a broader feature where two peaks can be guessed. This can be explained by the different ligand fields around the Fe atom present in the first molecular layer, in direct contact to the substrate, and the second layer. In the latter, only weaker intermolecular interactions can be envisaged on the bottom side of the molecule, while the top side faces the vacuum. Furthermore, the corresponding XMCD signals again show a quasimetallic shape and decrease in relative intensity for increasing thicknesses.
The Fe-L 2,3 XA spectra for the Ni substrate case ͓Fig. 1͑c͔͒ show a very different line shape. Both edges display narrow peaks at E = 708 and 720.5 eV, each with two shoulders at lower and higher photon energies. No clear thickness dependence is observed in the line shapes. The XMCD signal is characterized by a narrow peak at E = 707.6 eV preceded by a small feature at E = 705.5 eV; these features are reproduced in the L 2 edge.
The explanation of the different line shapes for the Co and Ni substrates does not lie on a substrate-dependent hybridization mechanism but on purely geometrical reasons: The different experimental geometries ͑grazing and normal incidences for Co and Ni, respectively͒ probe different unoccupied Fe 3d orbitals. This is readily proven by comparing the spectra taken on Co and Ni for the same geometry. By preparing a 5 ML Ni film on a 5 ML Co film, the Ni magnetization is forced to the in-plane direction by the Co film. As can be seen in Fig. 2 , the Fe-L 2,3 XAS and XMCD spectra of 0.8 ML Fe-OEP on Co and Ni measured at grazing incidence show exactly the same line shape.
In order to understand these differences in spectral shape, we need to consider the electronic transition process in transition metals. In contrast to the higher energy K edges, the soft x-ray L 2,3 absorption spectrum cannot be described by the simpler one-electron model. Instead, all the partially empty levels of the atom contribute in the calculation of the quantum numbers of the initial 3d N and final 2p 5 3d N+1 states. These states are subject of the various interactions such as Coulomb repulsion, spin orbit, and the ligand field created by the neighboring atoms. All these terms provoke successive changes in the energy diagrams of the electronic states, resulting in a plethora of possible transitions from the initial to the final states, the so-called atomic multiplets. Although computer-assisted calculation methods 23, 24 are available to produce theoretical spectra of metallorganic complexes, 25 these methods have been proven insufficient for the case of more complex metallorganic molecules, where orbital hybridization and and bonding and back-bonding effects play an important role, requiring the addition of DFT methods to fit the experimental results. 8, 9 Despite these difficulties, we will try to find out which 3d orbitals are probed in the two geometries. Taking into consideration the four coplanar N atoms around the Fe, the ligand field presents a D 4h symmetry. This lifts the degeneracy of the e g and t 2g orbitals, proper under a cubic symmetric field, resulting in different energies for the d z 2 i.e., the latter is half filled. By considering the projection of the different orbitals with respect to the polarization of the incoming light in the grazing and normal geometries, we obtained that, for normal incidence, the d x 2 −y 2 orbital is weighted twice as strong as d , whereas for grazing incidence, the weighting factor becomes 0.8. We can thus conclude that the missing spectral features for normal geometry are mostly related to the d orbital.
We turn now our attention to the element-specific magnetic properties by investigating the XMCD spectra shown in Fig. 1 . A clear XMCD signal for all coverages shows that the paramagnetic porphyrin molecules deposited on both ferromagnetic films are magnetically ordered. Furthermore, the XMCD signals for all coverages and both substrates are negative at the L 3 edge, as the Co and Ni XMCD signals ͑not shown͒, demonstrating that the molecule-substrate coupling is ferromagnetic. From element-specific hysteresis loops of the Fe-, Co-, and Ni-L 3 XMCD intensities ͑not shown here͒, it is evident that the orientation of the Fe spin switches along with the spins of the ferromagnetic films and that there exists a ferromagnetic exchange coupling of the Fe moments of the porphyrin molecules to the magnetic substrate.
The magnetic properties of Fe-porphyrin molecules can be understood more clearly from Fig. 3 , where the integrated intensities of the Fe-L 3 XMCD signal normalized to the white line, shown in Fig. 1 , are plotted as a function of coverage for Co and Ni. The values obtained at the lowest coverage are normalized to unity in both cases. It can be seen that the magnetic signal of the deposited Fe-porphyrin molecules originates mostly from the first molecular layer only: on Co, the ratio remains constant ͑within the error bars͒ for 0.4 and 0.6 ML and only decreases for films thicker than ϳ1 ML. In the case of Ni, the XMCD/XAS ratio decreases monotonically with thickness, suggesting a weaker substratemolecule coupling as compared to the Co case. The origin of the magnetic ordering is discussed in detail in our recent work. 18 By using the ab initio electronic structure calculations, it has been shown that the ordering is not due to a direct exchange interaction between Fe and Co. Instead, a 90°ferromagnetic exchange mechanism through the N ligands is found to be responsible for the coupling. In order to compare with theoretical coupling energies, we also measured the temperature dependence of the XAS and XMCD signals. Figure 4 shows the XAS and XMCD Fe-L 2,3 spectra recorded at 300 and ϳ80 K for 0.8 ML coverage of Feporphyrin molecules on Co and Ni substrates. Whereas the integrated XAS intensity does not show any noticeable change in the two cases for the two temperatures, the XMCD amplitude does vary with T. Furthermore, any temperaturedependent change is fully reversible, as can be seen in Fig.  4͑d͒ for both the XAS and the XMCD spectra when they were successively recorded at 300, 70, and then again at 300 K. Other than scaled by a common factor, all the spectral features found at 300 K, explained above in detail, remain at low temperatures.
In order to discern the temperature-dependent magnetic properties of the molecules from the temperature-dependent magnetization of the substrates, we have plotted in Fig. 5 the integrated Fe-, Co-, and Ni-L 3 XMCD signals, shown in Fig.  4 , normalized to the white lines as a function of temperature, scaled to the signals at low temperatures. These signals are basically proportional to the magnetization of each element. The Curie temperatures of 5 ML Co and 15 ML Ni films are reported to be around 850 K ͑Ref. 26͒ and 550 K, 27 respectively. This explains the slightly larger reduction in Ni XMCD signal as compared to that of Co. This can also be seen by the two solid curves, which are drawn using the mean field approximation and serve as guides to the eye.
Regarding the Fe magnetization on Co, it follows that of the substrate by decreasing ϳ10% at 300 K. In contrast, the Fe XMCD on Ni shows a much larger reduction of ϳ50% than the one of the Ni magnetization. This difference of the Fe XMCD signal of molecules deposited on Ni as compared to Co indicates the presence of different coupling strengths in the two cases. The weaker coupling strength in the case of Fe-OEP on Ni also supports the indirect coupling mechanism found by theory. 18 However, it should be noted that, on the basis of our experimental techniques, we cannot distinguish between a direct or indirect coupling mechanisms. On the other hand, if the Fe ion detached from the molecule and adsorbed directly on the underlying film, it would be expected that the Fe magnetization should follow the M͑T͒ curve of the film. This is not the case, indicating that the Fe ion remains at the center of the porphyrin ring.
In order to get a first-approximation value of the exchange coupling energy E c between the substrate magnetization and the Fe spin, we assume a Brillouin function with a total angular momentum quantum number J = 1 to model the temperature dependence of the Fe magnetization. We determine that E c = 0.07 and 0.02 eV for the Co and Ni cases, respectively. The value for Co is of the same order of magnitude as the one calculated by DFT-GGA+ U ͓E c = 0.05 eV ͑Ref. 18͔͒. Within the limitations of this approach, we conclude that a much larger coupling appears between the Fe spin when the molecule is on Co as compared to the Ni substrate. The larger coupling for Co can be addressed either to an intrinsic effect of the substrate or to its magnetization direction. In view of the Fe-L 2,3 spectra shown in Fig. 2 for Co and Ni/ Co substrates, both with in-plane magnetization, we observe that the Fe-XMCD signal on the Ni/ Co is approximately half of that on Co, with almost the same XAS intensity. Thus, the weaker coupling of Fe-porphyrin molecules to the Ni substrate is not related to the different magnetization directions but to the electronically different surfaces. As a possible explanation for the reduced coupling energy in the Ni case, we can consider the 60% smaller magnetic moment of Ni surfaces as compared to the Co ones. 28, 29 However, the extent of this effect can be modified by the presence of the molecules adsorbed on the surfaces. 30 Furthermore, we make use of the XMCD sum rules to calculate the effective Fe spin moment at 70 K ͑including the magnetic dipole term ͗T z ͒͘. We obtain that S ef f ͑Fe͒ = 0.65± 0.1 and 0.45± 0.1 B /hole for molecules deposited on Co and Ni films, respectively. The relatively large error bar is due to the fact that the molecular coverage of ϳ1 ML corresponds to an effective Fe coverage in the 1 / 100 ML range. Despite this, if we assume four holes in the Fe 3d orbitals, these values agree with the S = 1 of the calculated 3 A 2g initial state. The ratio of orbital to effective spin moment is found to be L / S ef f ϳ 5 -10 %, indicating that the orbital moment is nearly quenched. The exchange coupling between porphyrin molecules and Co is much stronger, and therefore, in this case, the exchange coupling energy is greater than the thermal energy. On the other hand, a comparatively weak coupling of porphyrin molecules to the Ni substrate may account for more prominent temperature-dependent effects. A detailed theoretical study of the electronic structure of these molecules on two different ferromagnetic substrates would help put forward more quantitative arguments to explain the experimental observations.
IV. CONCLUSIONS
The present study describes systematic XAS and XMCD measurements on ultrathin Fe-porphyrin molecular layers deposited on epitaxially grown ferromagnetic films on Cu͑100͒. After evaporation, the molecular plane remains intact and lies flat on the substrates. Strong spectral differences that appear in the XAS and XMCD signals are not substrate dependent but arise purely from geometrical considerations, since the incoming x-ray beam at grazing and normal incidences probes different Fe 3d orbitals.
It is shown that only the molecules that are in close vicinity to the ferromagnetic substrate are magnetically ordered. From the temperature dependence of the Fe and substrate magnetizations, the coupling strengths for both substrates are calculated, yielding a much stronger coupling to the Co substrate than to Ni. The experimental value for the coupling with Co agrees well with results from DFT calculations on the same system. The XMCD sum rule analysis yields an Fe spin moment that also depends on the subjacent substrate. Being somewhat higher for Co, it agrees with the intermediate-spin state calculated for these molecules.
